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The updated CDF measurement of the forward–backward asymmetry AFB in the top quark production
pp¯ → tt¯ at Tevatron (with √s = 1.96 TeV) shows a deviation of 2σ from the value predicted by the
Standard QCD Model. We present calculation of this quantity in the scenario, where colored unparticle
physics contributes to the s-channel of the process, and obtain the regions in the plane of the unparticle
parameters λ and dU , which give the values of the AFB and of the total tt¯ production cross section
compatible with the present measurements.
© 2010 Elsevier B.V. Open access under CC BY license.Due to C-parity invariance, it is known that the forward–
backward asymmetry (FBA) of top quark pair production at Teva-
tron vanishes at leading order (LO) [1] in the standard QCD model
(SM). The inclusive nonzero charge asymmetry can be induced by
(i) radiative corrections to quark–antiquark annihilation and (ii)
interference between different amplitudes contributing to gluon–
quark scattering qg → tt¯q and q¯g → tt¯q¯ [1,2]. Within the SM, this
leads, at the Tevatron with
√
s = 1.96 TeV, to the nonzero but rel-
atively low prediction [3],
App¯FB (SM) = 0.050± 0.015. (1)
Measurement of any signiﬁcant deviation from this SM prediction
could be attributed to the new physics effects.
When D0 Collaboration published the ﬁrst measurement on
the FBA in top-quark pair production in the pp¯ laboratory frame
with 0.9 fb−1 of data, an unexpectedly larger FBA value was indi-
cated [4]. By using 1.9 fb−1 [5], the CDF Collaboration observed the
asymmetry (at
√
s = 1.96 TeV) to be
App¯FB = 0.17± 0.08, Att¯FB = 0.24± 0.14, (2)
in the pp¯ frame and tt¯ frame, respectively. The updated CDF result
with luminosity of 3.2 fb−1, in the pp¯ (lab) frame, is [6]
App¯FB (exp) = 0.193± 0.065(stat) ± 0.024(syst). (3)
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Open access under CC BY license.As seen in Eq. (3), the large value of the FBA of top-quark is not
smeared by the statistics. Inspired by the 2σ deviation of the ob-
served value of the top quark FBA from the SM-predicted value,
several possible solutions have been proposed and studied by au-
thors in Refs. [7–23].
In general, the top-pair production by the new physics could
be through s-, t- and u-channel and the situation depends on the
property of the new particle. No matter to which channel they
contribute, the extensions of the SM in the framework of parti-
cle physics, such as axigluon [8,11], Z ′ [9], W ′ [10], diquarks [13],
etc., have some drawbacks. For instance, in order to explain the
observed top-quark FBA value, one has to introduce unimaginably
large ﬂavor-changing couplings in the t- and u-channels. The cou-
plings in the s-channel could be as large as the strong gauge cou-
pling of the SM. However, beside the serious constraint from the
invisible production of a new resonance, the sign of the top-quark
couplings has to be chosen opposite to that of the light quarks in
order to get the correct sign of the FBA value. In order to avoid
the aforementioned problems, we study in this work the top quark
FBA in the framework of unparticle physics which is dictated by
the scale of conformal invariance.
An exact scale-invariant “stuff” cannot have a deﬁnite mass un-
less it is zero. Therefore, in order to distinguish it from the conven-
tional particles, Georgi named the “stuff” unparticle [24,25]. It was
found that the unparticle has a noninteger scaling dimension dU
and behaves as an invisible particle [24] (see also [26]). Further
implications of the unparticle to collider and low energy physics
are discussed in Refs. [27–29]. We will adopt three aspects of un-
particle physics in order to present a possible explanation of the
aforementioned large value of the FBA. Firstly, if we take the pro-
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of indeﬁnite mass, no visible resonant unparticle will be produced
in the pp¯ collisions. Secondly, by utilizing the noninteger scale di-
mension, the differential cross section for tt¯ production could be
enhanced without ﬁne-tuning the large couplings of unparticle and
quarks. Finally, to match the interaction structure of the SM, the
considered scale invariant stuff (unparticle) is a vector boson and
carries color charges [30]; it has chiral couplings to quarks and its
representation in SU(3)c belongs to color-octet.
Since there is no well established approach to give a full the-
ory for unparticle interactions, we study instead the topic from
the phenomenological viewpoint. In order to escape the large cou-
plings from ﬂavor changing neutral currents (FCNCs), the couplings
of unparticle to quarks are chosen to be ﬂavor conserving. Hence,
we write the interactions of colored unparticle with quarks as
L = q¯(gqV γμ + gqAγμγ5)T aqOaμU , (4)
where gχ = λqχ/ΛdU−1U and χ = V and A. Here, λqχ is the dimen-
sionless coupling and the index q denotes the quark ﬂavor, ΛU is
the scale above which the unparticle is formed, and {T a} = λa/2
are the SU(3)c generators (where λa are the Gell-Mann matrices)
normalized by tr(T aT b) = δab/2. The power dU − 1 is determined
from the effective Lagrangian of Eq. (4) in four-dimensional space-
time when the dimension of the colored unparticle OqμU is taken
as dU . By following the scheme shown in Ref. [31], the propagator
of the colored vector unparticle is written as∫
d4x e−ik·x〈0|TOaμ(x)Obν(0)|0〉
= −iCV δ
ab
(−p2 − i	)3−dU
[
p2gμν − 2(dU − 2)
dU − 1 pμpν
]
(5)
with
CV = AdU
2 sindUπ
,
AdU =
16π5/2
(2π)2dU
Γ (dU + 1/2)
Γ (dU − 1)Γ (2dU ) . (6)
After introducing the interactions of unparticle with quarks and
the virtual unparticle propagator, we can now calculate the tt¯ pair
production at the quark level. Using Eqs. (4) and (5), the scattering
amplitude for qq¯ → tt¯ by unparticle exchange in the s-channel is
AU = q¯
(
gqV γμ + gqAγμγ5
)
T aq
CV
(−p2 − i	)3−dU
×
[
p2gμν − 2(dU − 2)
dU − 1 pμpν
]
× t¯(gtV γν + gtAγνγ5)T at (7)
where ﬂavor q denotes the light u and d quark, and p = pq +
pq¯ = pt + pt¯ . The t-channel does not contribute, due to ﬂavor-
conserving vertices Eq. (4). With the equations of motion, q¯/pq = 0
and q¯/pγ5q = −2mqq¯γ5q. Thus, the factor 2(dU −2)/(dU −1) in the
propagator is associated with the light quark mass and is negligi-
ble. Consequently, the scattering amplitude combined with the SM
contributions is given by
A = ASM + AU
= g
2
s
sˆ
q¯γμT
aqt¯γ μT at + sˆCV
sˆ3−dU
e−iπ(3−dU )q¯
(
gqV γμ
+ gq γμγ5
)
T aqt¯
(
gtV γ
μ + gtAγ μγ5
)
T at, (8)Awith gs being the strong coupling of the QCD SM and sˆ = (pq +
pq¯)2 = (pt + pt¯)2. For explicitly showing the differential cross sec-
tion in tt¯ invariant mass frame, we choose the relevant coordinates
of particle momenta as
pq,q¯ =
√
sˆ
2
(1,0,0,±1),
pt,t¯ =
√
sˆ
2
(1,±βt sin θˆ ,0,±βt cos θˆ ), (9)
with β2t = 1 − 4m2t /sˆ. The polar angle θˆ is the relative angle be-
tween outgoing top-quark and the incoming q-quark. The spin and
color averaged amplitude-square is straightforwardly obtained as
| A¯|2 = 1
22
1
N2C
|A|2
= N
2
C − 1
16N2C
{
4(4παs)
2
(
1+ β2t cos2 θˆ + 4
m2t
sˆ
)
+ 8(CV 4παs) cosπ(3− dU ) sˆ
2
sˆ3−dU
×
[
gqV g
t
V
(
1+ β2t cos2 θˆ + 4
m2t
sˆ
)
+ 2gqA gtAβt cos θˆ
]
+ 4sˆ2
(
sˆCV
sˆ3−dU
)2[(
gtV
)2((
gqV
)2 + (gqA)2)
×
(
1+ β2t cos2 θˆ +
4m2t
sˆ
)
+ (gtA)2((gqV )2 + (gqA)2)
(
1+ β2t cos2 θˆ −
4m2t
sˆ
)
+ 8gqV gtV gqA gtAβt cos θˆ
]}
. (10)
As a consequence, the differential cross section for qq¯ → tt¯ process
as a function of θˆ in tt¯ frame is found to be
dσˆ qq¯→tt¯
d cos θˆ
= N
2
C − 1
128N2Cπ sˆ
βt
{
(4παs)
2
(
1+ β2t cos2 θˆ + 4
m2t
sˆ
)
+ 2CV (4παs) cosπ(3− dU ) sˆ
2
sˆ3−dU
×
[
gqV g
t
V
(
1+ β2t cos2 θˆ + 4
m2t
sˆ
)
+ 2gqA gtAβt cos θˆ
]
+
(
sˆ2CV
sˆ3−dU
)2[(
gtV
)2((
gqV
)2 + (gqA)2)
×
(
1+ β2t cos2 θˆ +
4m2t
sˆ
)
+ (gtA)2((gqV )2 + (gqA)2)
(
1+ β2t cos2 θˆ −
4m2t
sˆ
)
+ 8gqV gtV gqA gtAβt cos θˆ
]}
. (11)
Since the FBA is to measure the difference in cross section between
θˆ and π − θˆ with θˆ  π/2, it is clear that in the s-channel, only
cos θˆ terms are related to the asymmetry. From Eq. (11), the rel-
evant effects are associated with gqA g
t
A and g
q
V g
t
V g
q
A g
t
A , in which
the former is from the interference between unparticle and SM
while the latter is from the contribution of unparticle itself. In both
terms, we see clearly the axial-vector couplings are the essential to
generate the FBA.
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have to consider the convolution with the parton distribution func-
tions. Thus, the differential cross section at the hadronic level is
dσ(pp¯ → tt¯)
d cos θ
=
∑
i j
1∫
x2=0
1∫
x1=0
dx1 dx2 f i(x1) f j(x2)
∂σˆ qi q¯ j→tt¯(θ, x1, x2)
∂ cos θ
, (12)
where f i ( f j) is the parton distribution function of the parton
qi (q¯ j) in the proton (antiproton), the angle θ represents the an-
gle between the three-momentum of the produced t quark and
the three-momentum of the proton p (⇔ of the quark q) in the
lab system (center of mass system of pp¯). The sum over (i, j) in
Eq. (12) is over all parton pair combinations qq¯ = qiq¯ j for the scat-
tering process qiq¯ j → tt¯ (qi,q j = u,d, s).
In the following, all the unprimed kinematic quantities are in
the lab system, and all the “hatted” kinematic quantities are in
the center of mass system (CMS) of qq¯ (⇔ CMS of tt¯). Taking
into account the relations pq = x1pp and pq¯ = x2pp¯ in the lab
system, considering the four-momentum conservation in the scat-
tering qq¯ → tt¯ in the qq¯ CMS, and relating the lab and qq¯ CMS
quantities via the corresponding boost relations, the following re-
lation can be obtained between the angle θ and its qq¯ CMS analog
θˆ = θˆ (θ, x1, x2):
cos
(
θˆ (θ, x1, x2)
)
= 1
βt[(x1 + x2)2 − cos2 θ(x1 − x2)2]
{
−(x21 − x22) sin2 θ
+ 4cos θ
[
x21x
2
2β
2
t −
m2t
s
(x1 − x2)2 sin2 θ
]1/2}
, (13)
where βt is the aforementioned quantity involving sˆ = (pq+ pq¯)2 =
x1x2s
βt = βt(x1x2) =
√
1− m
2
t
x1x2s
. (14)
The relevant independent kinematic quantities in the integration
(12) are all lab-related: x1, x2, and θ . On the other hand, Eq. (13)
shows that the qq¯ CMS-related angle θˆ is a function of the afore-
mentioned three independent quantities x1, x2, and θ . The quantity
∂σˆ qq¯→tt¯/∂ cos θ appearing as integrand in Eq. (12) is obtained di-
rectly from Eqs. (11) and (13) by applying the derivatives at ﬁxed
x1 and x2
∂σˆ qq¯→tt¯(θ, x1, x2)
∂ cos θ
= dσˆ
qq¯→tt¯
d cos θˆ
∂ cos(θˆ (θ, x1, x2))
∂ cos θ
, (15)
where the partial derivatives ∂/∂ cos θ are at ﬁxed x1 and x2.
The total hadronic cross section σ(pp¯ → tt¯) and the corre-
sponding forward–backward asymmetry are then obtained by the
corresponding integrations of the expression (12) in the lab frame
σ(pp¯ → tt¯) =
1∫
−1
d cos θ
dσ(pp¯ → tt¯)
d cos θ
, (16)
App¯FB =
( 1∫
0
d cos θ
dσ(pp¯ → tt¯)
d cos θ
−
0∫
d cos θ
dσ(pp¯ → tt¯)
d cos θ
)/
σ(pp¯ → tt¯). (17)−1Another physical observable of experimental interest is the invari-
ant mass distribution dσ/dMtt¯ [32] where M
2
tt¯
= (pt + pt¯)2 = x1x2s
dσ(pp¯ → tt¯)
dMtt¯
= 2Mtt¯
s
1∫
M2
tt¯
/s
dx1
x1
∑
i, j
f i(x1) f j(x2)
×
1∫
−1
d cos θ
∂σˆ qiq¯ j→tt¯(θ, x1, x2)
∂ cos θ
∣∣∣∣
x2=M2tt¯/(sx1)
.
(18)
The integrations in Eqs. (16)–(18) are performed across the kine-
matically allowed regions, i.e., such that βt and cos θˆ are real.
After having presented formulas for the three physical observ-
ables, we can now numerically investigate the unparticle contri-
butions to top-quark pair production. At ﬁrst, in order to reduce
the number of free parameters, we assume that the colored vector
unparticle is ﬂavor blind, i.e. gtV = gtA = gqV = gqA = g . Then, the re-
maining unknown parameters appearing in the physical quantities
are: g = λ/ΛdU−1U , and the scale dimension dU . This means that in
such a case we have only two independent parameters λ and dU ,
both dimensionless quantities, and we can ﬁx the scale ΛU for-
mally to an arbitrary value. We will set it equal to ΛU = 1 TeV.
We note that, unlike the situation in the axigluon model [8,11] in
which gqA = −gtA is necessary to get the positive sign in FBA, in
unparticle physics the ﬂavor-blind and chirality-independent couplings
are enough to ﬁt the data.
Further, it is necessary to consider the measurements of at least
two of the aforementioned three observables, namely σ(pp¯ → tt¯)
and App¯FB , Eqs. (16)–(17), in order to restrict the area of the pa-
rameters λ and dU . The value of the tt¯ production cross section
σ(pp¯ → tt¯) was measured by the CDF Collaboration [33]
σ(pp¯ → tt¯)exp = 7.50± 0.31(stat) ± 0.34(syst) ± 0.15(th) pb
= 7.50± 0.48 pb. (19)
On the other hand, the SM prediction is σ(pp¯ → tt¯)SM =
6.73+0.71−0.79 pb [34], which includes the contributions from the tree-
level, the next-to-leading order in αs , and the next-to-leading in
threshold logarithms (LO + NLO + NLL). In the speciﬁc case of
using the CTEQ6.6 parton distribution functions [35] (which we
use), the central value for the SM prediction goes slightly down to
σ(pp¯ → tt¯)SM = 6.61 pb, Ref. [34] (Cacciari et al., 2008) when the
top quark (pole) mass is taken to be mt = 175 GeV.
The other measurement is the aforementioned FBA value
Eq. (3). The NLO effects in the QCD SM give nonzero FBA value
0.050 ± 0.015, Eq. (1). However, in our calculations, the SM am-
plitude is the tree-level amplitude [rescaled accordingly in or-
der to obtain σ(pp¯ → tt¯)SM = 6.6 pb, see below], which gives
App¯FB = 0. Therefore, we will regard the App¯FB as calculated accord-
ing to Eq. (17) [using Eqs. (15), (12) and (11)] to be responsible for
the deviation of the experimental from the SM FBA value
AtFB ≡ App¯FB (exp) − App¯FB (SM) = 0.143± 0.071, (20)
where the uncertainties (±0.065, ±0.024, ±0.015) were added in
quadrature.
In our calculations we use the CTEQ6.6 parton distribution
functions, the value mt = 175 GeV for the t quark (pole) mass,
and for the QCD coupling the value αs ≈ αs(mt) ≈ 0.11. With
such values, we obtain the tree-level σ(SM; tree) ≈ 4.85 pb. We
use for the SM amplitude the rescaling factor
√
1.36 in order to
obtain σ(SM) = 6.6 pb, which is according to Ref. [34] (the sec-
ond entry: Cacciari et al., 2008) the central value of σ(SM) when
396 C.-H. Chen et al. / Physics Letters B 694 (2011) 393–397Fig. 1. tt¯ production cross section (the lower) and top-quark FBA (the upper ﬁg-
ure) as a function of the scale dimension dU , where the solid, dashed, dotted and
dash-dotted lines represents λ = 1.4, 1.6, 1.8, 2.0, respectively. The band in the plot
represents the measured values with 1σ uncertainties.
Fig. 2. As Fig. 1, but as a function of the parameter λ. The solid, dashed, dotted and
dash-dotted lines represents dU = 1.1, 1.15, 1.2, 1.25, respectively.
Fig. 3. Contours for σ(pp¯ → tt¯) (dotted) and App¯FB − App¯FB (SM) (dashed) as a func-
tion of dU and λ. The numbers in the plot denote the lower and upper bounds of
each observable with 1σ uncertainties of the data: σ = 7.50 ± 0.48 pb; App¯FB as in
Eq. (20).
mt = 175 GeV and CTEQ v6.6 is used for the parton distribution
functions.
The physically interesting regime for unparticle physics is 1 <
dU < 2, and λ  100. We calculated AFB, σ and dσ/dMtt¯ , scan-
ning over the parameter regions 0 < λ < 3.5 and 1 < dU < 2.
The numerical results are presented in Figs. 1–5. We show theFig. 4. dσ/dMtt¯ as a function of invariant mass of top-pair Mtt¯ , where the
solid, dash-dotted and dashed lines represent the SM result and colored unpar-
ticle with (λ,dU ) = (2.05,1.28) and (1.70,1.175), respectively. The vertical bars
are the data from CDF measurement with an integrated luminosity of 2.5 fb−1,
Ref. [32].
tt¯ production cross section and [App¯FB − App¯FB (SM)] as a function of
dU (λ) in Figs. 1, 2, where the solid, dashed, dotted and dash-
dotted lines represents λ = 1.4, 1.6, 1.8, 2.0 (dU = 1.1, 1.15, 1.2,
1.25), respectively. Fig. 3 is the central result of our calculations.
It shows the region in the dU–λ parameter plane which simul-
taneously fulﬁlls the experimental constraints (19) and (20). This
region lies between the two dotted and simultaneously between
the two dashed lines. The central measured values σ ≈ 7.5 pb
and App¯FB (exp) − App¯FB (SM) ≈ 0.14 are achieved at λ = 2.05 and
dU = 1.28. In Fig. 3, we scanned over the free parameter space
in ﬁnite steps λ = 0.1 and dU = 0.01.
In Fig. 4 we present the average values of dσ/dMtt¯ in eight
different Mtt¯ -intervals (“bins”) as used by the CDF measurement
[32]. The presented results are for: (a) the QCD SM case (solid
line: λ = 0; σ(tt¯) = 7.5 pb); (b) the “central” case (dash-dotted
line; λ = 2.05 and dU = 1.28, giving σ(tt¯) = 7.5 pb and FBA of
Eq. (20) equal 0.14); (c) another, more “marginal” case (dashed
line; λ = 1.70 and dU = 1.175, giving σ(tt¯) = 7.01 pb and FBA of
Eq. (20) equal 0.178). The CDF measurements are the points with
vertical lines. All our results (including the QCD SM) are above
the CDF measurements, with the exception of the ﬁrst two bins
Mtt¯  450 GeV. The deviations could plausibly be ascribed to two
main uncertainties [36]:
(i) The chosen scales of renormalization (μR ) and factorization
(μF ) for which the usual possible values could be taken be-
tween mt/2 and 2mt . Here we adopted μR = μF =mt .
(ii) The Mtt¯ -dependent NLO effects which include the NLO parton
distribution function (PDF). Here for simplicity we just use an
Mtt¯-independent scale factor value of K = 1.36 (i.e., the factor√
K = √1.36 for the tree-level SM amplitude ASM) to ﬁt the tt¯
production cross section with LO calculations.
For a detailed analysis of the various uncertainties see Ref. [36].
Nonetheless, most of our results for dσ/dMtt¯ are at least margin-
ally compatible with the CDF results, within 2σ .
In order to make a more detailed inspection, in Fig. 5 we
present the Mtt¯ -restricted forward–backward asymmetries, i.e.,
those calculated by the expression (17) where the phase space in
the numerator and the denominator is restricted by Mtt¯ < M
edge
tt¯
(the quantity At, lowFB ) or by Mtt¯ > M
edge
tt¯
(the quantity At,highFB ).
These asymmetries were calculated for the two aforementioned
choices of parameter values (λ,dU ), and are compared in Fig. 5
with the CDF measured values [37] subtracted by the (LO+NLO+
NLL) SM values [38]. This subtraction is needed for comparison
C.-H. Chen et al. / Physics Letters B 694 (2011) 393–397 397Fig. 5. Restricted forward–backward asymmetries At, lowFB and A
t,high
FB as func-
tions of the threshold (“edge”) Mtt¯ values, for (λ,dU ) = (2.05,1.28) (circles) and
(1.70,1.175) (squares). Included are also the corresponding CDF measured values
[37] (their 8th and 9th ﬁgures) subtracted by the SM values [38], as bars with tri-
angles.
with our results, for the same reason as in the (unrestricted) AtFB
of Eq. (20),
At,XFB = AXFB(exp) − AXFB(SM) (X = low,high). (21)
We see that the experimental uncertainties are very large, espe-
cially for At,highFB at M
edge
tt¯
= 600 GeV or higher. Nonetheless, the
central experimental values appear to suggest the fall of At,highFB
as a function of Medge
tt¯
at Medge
tt¯
> 600 GeV. It is interesting that a
model involving axigluon exchange does give such a fall for at least
one (benchmark) choice of parameters (with: gqA = −gtA ) [11]. On
the other hand, our model does not show such a behavior. This is-
sue remains inconclusive because of: (i) the aforementioned very
large experimental uncertainties of AhighFB at high M
edge
tt¯
; (ii) the
severely restricted phase space at high Medge
tt¯
. Namely, our simpli-
ﬁed approach of rescaling the tree-level SM (QCD) amplitude by
a ﬁxed factor (
√
K = √1.36 ) for all Mtt¯ values becomes increas-
ingly unreliable when Medge
tt¯
increases in At,highFB , because the phase
space becomes so severely restricted.
In conclusion, we investigated whether colored ﬂavor-con-
serving unparticle physics can explain the measured forward–
backward asymmetry value for the tt¯ production at the Tevatron;
the latter measured value shows 2σ deviation from the QCD SM
value. With a natural assumption of quark ﬂavor-blind and chirality-
independent interactions to unparticle, our calculations indicate that
the aforementioned unparticle contributions can explain this de-
viation. We found an area of the (two-)parameter space of the
unparticle physics which gives the results compatible with the
measurements of the forward–backward asymmetry and of the
total cross section for the tt¯ production at the Tevatron. The re-
sulting values of the differential dσ/dMtt¯ cross section and the
Mtt¯-restricted forward–backward asymmetries are only marginally
compatible with the measured values.
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